The objective of this study was to evaluate the sealing ability and antibacterial activity of Ca 3 SiO 5 /CaCl 2 composite cement. Fifty maxillary anterior teeth were instrumented according to step-back technique and fi lled with experimental and control materials. To evaluate the sealing ability, a fl uid transport model using glucose was employed for quantitative analysis of endodontic microleakage. To evaluate antibacterial activity, E. colias (ATCC 25922) was cultivated on agar plates. Results showed that the sealing ability of Ca 3 SiO 5 /CaCl 2 composite cement and cortisomol paste were higher than that of zinc oxide-eugenol (ZOE) cement, and that no signifi cant difference was observed between Ca 3 SiO 5 /CaCl 2 composite cement and cortisomol paste. On antibacterial activity, Ca 3 SiO 5 /CaCl 2 composite cements composed of varying amounts of CaCl 2 (0-15%) exhibited similar levels of activity against E. colias as calcium hydroxide cement, whereas cortisomol paste had little effect on E. colias. All these results suggested that Ca 3 SiO 5 /CaCl 2 composite cement demonstrated good potential for root canal treatment applications.
INTRODUCTION
Root canal therapy is the most commonly used method to treat reversible pulpitis and periradicular infl ammation. It involves three steps: root canal preparation, root canal dressing, and root canal obturation. Complete sealing of the entire canal space is an important factor to the success of root canal treatment. Inadequate obturation risks fl uid penetration through the obturated root canal to the root apex. Fluids such as bacteria-laden saliva and tissue fl uids become irritants after degradation, leading to periradicular infl ammation.
To prevent leakage of oral fl uids and bacteria into the periradicular tissues, diverse fi lling materials have been recommended to seal the pathways of communication between the root canal system and oral cavity, as well as the periradicular tissues. These include amalgam, zinc oxide-eugenol-based cements, and calcium hydroxide paste. However, these materials present problems such as microleakage, varying degrees of toxicity, and moisture sensitivity 1) . As root canal fi lling materials aim to provide a fl uid-tight apical seal, numerous endodontic leakage evaluation methods have been developed to assess their sealing ability. Each method has its advantages and limitations 2) . The dye penetration test is the most popular method, as it is simple to perform and inexpensive. On the other hand, large variations in leakage results commonly occur in dye penetration tests because of the infl uence of multiple factors such as pH of the dye and its particle size 3) . Instead of dye penetration, assessment of bacterial leakage might be more biologically relevant and clinically signifi cant. However, results may vary with the bacterial species used 4) . Radioisotope labeling and electrochemical methods are less used, not only because they require sophisticated materials and apparatus, but they also pose radiation hazards 5, 6) . The fl uid fi ltration method is gaining popularity because it is sensitive and nondestructive 7) . Amongst this plethora of microleakage evaluation methods, there remains a method to be universally accepted. Hence, herein belies a need to improve the rigor and trustworthiness of endodontic leakage evaluation methodology.
The root canal anatomy is highly complex. Even after instrumentation, irrigation, and intracanal medication, bacteria might still be found inside the intricate root canal system with the potential for diseases to persist or emerge 8, 9) . Moreover, a closed root space has low oxygen content. Anaerobic bacteria are thus given an ideal atmosphere to live, grow, and ultimately activate the vast immunological defense systems that result in host destruction. Since the closed root canal network can serve as an incubator for bacterial growth, the antibacterial activity of root canal fi lling materials is decidedly critical. This is because the antimicrobial effect of root fi lling materials plays the essential role of controlling re-infection by entombing residual organisms 10) . Calcium hydroxide Ca(OH)2-based cements or pastes, that are currently used in dentistry for root canal fi lling, are regarded as highly antibacterial 11) . Most bacteria are unable to survive at a pH over 9.5 12, 13) . Calcium hydroxide-based products possess antibacterial properties primarily because of a high pH value (about 12.5) imparted to the environment by their dissolution. Nonetheless, calcium hydroxide presents both advantages and disadvantages. When a paste is composed of calcium hydroxide only, its application in the root canal system is easy, but the low hardening property and contraction during setting prevent tight fi llings 14) . For these reasons, calcium hydroxide pastes are used as temporary fi lling materials only.
In our previous study 15) on Ca3SiO5/CaCl2 composite cement, it was found to exhibit a host of benefi ts: good self-setting properties, bioactivity, biocompatibility, and mechanical properties. For these reasons, they augur well as root canal fi lling materials. The purpose of this study was to investigate the sealing ability and antibacterial activity of Ca3SiO5/CaCl2 composite cement, which are equally critical requisites of root canal fi lling materials.
MATERIALS AND METHODS

Human teeth
Fifty extracted human maxillary anterior teeth with straight root canals were collected from the Stomatology Hospital of Tongji University after obtaining approval from the ethics committee of the hospital. All the selected teeth had closed apices, no cracks and no caries. They were stored in deionized water until use.
Preparation and obturation of root canals
Root canal working length was kept at 15 mm. After removing the crowns, a size 15 K-type fi le was placed into each root canal until the tip was visible at the apical foramen. The working length was established at 1 mm short of the apex. Each root canal was instrumented to the working length with a size 30 K-type fi le using the step-back technique. After every fi le size change and at the completion of instrumentation, the canals were irrigated with 2 mL of 5.25% sodium hypochlorite (NaOCl) solution. A fi nal rinse with 5 mL of 17% EDTA and 5 mL of 2.5% NaOCl was done to remove the smear layer 2) . After drying the prepared canals with paper points, they were randomly divided into three experimental groups of 10 roots each and two control groups of 10 roots each.
Ca3SiO5/CaCl2 composite cement was mixed with deionized water at a liquid-to-powder ratio (L/P ratio) of 0.8 mL· g -1 . Zinc oxide-eugenol cement (Shanghai New Century Dental Materials Co., China) and cortisomol paste (Pierre Rolland, Merignac, France) were mixed according to manufacturers' instructions. For the three experimental groups, root canals were fi lled with Ca3SiO5/ CaCl2 composite cement, zinc oxide-eugenol cement, or cortisomol paste in conjunction with gutta-percha (GP) cones (Dentsply Maillefer, Ballaigues, Switzerland). Each root canal cement was placed into the canal using a size 20 Lentulo spiral, prior to obturation with guttapercha cones using the lateral condensation technique.
For the positive control group, 10 root canals were fi lled with GP cones in a manner identical to that of the experimental groups, but without any cement. For the negative control group, 10 root canals were obturated with with cortisomol paste and GP cones.
All specimens were stored at 37°C and 100% humidity for 48 h. For the three experimental and positive control groups, the specimens were coated with a sticky wax except for coronal orifi ces and root canal access cavities. For the negative control group, specimens were completely coated with sticky wax.
Fluid transport model using glucose for microleakage evaluation
In the present study, a fl uid transport model using glucose was used to investigate the sealing ability of Ca 3SiO5/ CaCl2 composite cement. The model was prepared as described by Xu et al. 16) . Each root was connected to a plastic tube of at least 15 mm long via an Eppendorf vial using sticky wax (Fig. 1) . The assembly was placed in a sterile 3-mL plastic bottle with a screw cap containing 1 mL of 0.2% NaN3 solution. 1 mol/L of glucose was injected into the Eppendorf vial through the plastic tube until the solution level was 14 cm higher than the top of GP in the canal, which created a hydrostatic pressure of 1.5 kPa. At each connection point, sealing was obtained by sticky wax. The whole setup was placed in an incubator (100% humidity, 37°C) throughout the experiment.
Quantitative analysis of leakage was conducted by determining the concentration of glucose in the apical reservoir, which had leaked through the obturated root canal. The quantity of oxidized chromogen, which was directly proportional to the glucose present initially in the fi rst reaction, was determined by spectrophotometry. Positive control group showed high glucose leakage which increased with time. Negative control group showed no glucose leakage. Glucose leakage measurement A 10-μL aliquot of solution was drawn from the glass bottle using a micropipette at days 1, 3, 5, 7, 14, 20, and 30. After drawing the sample, 10 μL of fresh 0.2% NaN3 solution was added to the plastic bottle reservoir to maintain the constant volume of 1 mL. Pipetted sample was analyzed using a Glucose Assay Kit (Diasys, Shanghai, China) and a UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan) at 500-nm wavelength.
All measured values were analyzed using one-way ANOVA and a post hoc test (p<0.05).
Antibacterial activity evaluation E. colias (ATCC 25922) was grown in Lysogeny Broth (LB) medium and incubated at 37°C for 12 h. The LB medium was made from tryptone (Oxoid, 10 g), yeast extract (Oxoid, 5 g), NaCl (10 g), and water (1 L). The pH of LB medium was adjusted to 7.0 using NaOH 17) . After cultivation, the cell suspension was centrifuged for 10 min, washed once, and diluted at approximately 1:1-5×10 6 /mL before use 18) . To evaluate the antibacterial activity of Ca3SiO5/ CaCl2 composite cements, four different compositions of Ca3SiO5/CaCl2 composite cements were prepared from 0 to 15% of CaCl2, in increments of 5% of CaCl2. The antibacterial activity levels of Ca3SiO5/CaCl2 composite cements were then compared against those of Ca(OH)2 and cortisomol paste.
All samples were sieved through a 300-mesh sieve. 10 mg of each sample was added to 1 mL of bacterial suspension in a 1.5-mL Eppendorf tube 19) . After stirring in a vortex mixer for 1 min to dislodge adherent bacteria, the culture suspensions were incubated aerobically at 37°C for 1 h. Serial 10-fold dilutions were prepared in sterile phosphate buffered saline (PBS), and 100-μL aliquots of suspensions were plated on LB-agar plates for a further overnight incubation at 37°C 20) . Resultant colonies were counted as CFU/mL (colony forming units), and the experiment was repeated three times.
pH value measurement
Cement particles of Ca(OH)2, cortisomol paste, and four different compositions of Ca3SiO5/CaCl2 composite cements prepared using 0-15% of CaCl2 were subjected to pH value measurement. 2 mL of LB medium was added into tubes each containing respective cement particles of different particle sizes ranging from <50 to >75 μm. After stirring for 1 minute, the samples were incubated at 37°C for 1 h. pH values of the extracts were measured using a pH meter (PHSJ-3F, China).
All measured pH values were analyzed using Student's t-test. A p-value less than 0.05 (p<0.05) was considered statistically signifi cant.
RESULTS
Sealing ability
The positive control group showed high glucose leakage from day 1, which increased rapidly over time (Fig. 2) . In the negative control group, no glucose was detected in the apical reservoirs throughout the experiment, thus indicating an effective and reliable seal.
In all the three experimental groups, glucose leakage showed an increasing trend from day 1 to day 30 (Fig. 3) .
Mean leakage values are shown in Table 1 . At days 1, 3, and 5, there were no signifi cant differences in glucose leakage among the three experimental groups (p>0.05). At days 7, 14, 20, and 30, glucose leakage of ZOE was higher than those of Ca3SiO5/CaCl2 composite cement and cortisomol paste (p<0.05). Throughout the entire experiment, no signifi cant differences in glucose leakage were observed between Ca3SiO5/CaCl2 composite cement and cortisomol paste (p>0.05). Figure 4 shows that all the four different compositions of Ca3SiO5/CaCl2 composite cements exhibited remarkable antibacterial activity against E. colias, comparable to that of Ca(OH)2. Therefore, there were no signifi cant differences in CFU value between the Ca3SiO5/CaCl2 composite cements and Ca(OH)2 (p>0.05). On the contrary, cortisomol paste showed higher CFU values than Ca3SiO5/CaCl2 composite cements and Ca(OH)2 (p<0.05). In addition, antibacterial activity was assessed using different particle sizes of each cement or paste. The CFU values of Ca3SiO5/CaCl2 composite cements increased with an increase in particle size. Figure 5 shows the pH values of the aqueous extracts of four different compositions of Ca3SiO5/CaCl2 composite cements, as well as those of Ca(OH)2 and cortisomol paste.
Antibacterial activity
pH values
For all the four Ca3SiO5/CaCl2 composite cements, their pH values decreased with an increase in particle size. At the same particle size, there were no signifi cant differences in pH value among the four Ca3SiO5/CaCl2 composite cements and Ca(OH)2 (p>0.05). For cortisomol paste, its pH values were signifi cantly lower than all the four Ca3SiO5/CaCl2 composite cements and Ca(OH) 2 at each particle size (p<0.05). For all the four Ca3SiO5/CaCl2 composite cements, their decreasing trend in antibacterial activity (i.e., increasing trend in CFU values) with an increase in particle size coincided with the decreasing trend in pH values.
DISCUSSION
Sealing ability
At days 1, 3, and 5, the three experimental groups exhibited very low glucose leakage and there were no signifi cant differences in glucose leakage among them (p>0.05). According to fl uid fl ow dynamics, the glucose solution took some time to diffuse through and out of the obturated root canals during the early stage of the leakage test. For this reason, glucose detected in the apical reservoirs was initially very low for all the three experimental groups.
After day 7, statistically signifi cant differences in glucose leakage were observed among the three experimental groups.
Over time, ZOE exhibited signifi cantly higher glucose leakage than Ca3SiO5/CaCl2 composite cement and cortisomol paste. This showed that Ca3SiO5/CaCl2 composite cement and cortisomol paste had comparable sealing ability, which was superior to that of ZOE.
Many factors contribute to the sealing ability of root canal fi lling materials, chief of which are their physical and chemical properties. In general, sealers with these desirable properties reduce apical microleakage in root canals: low solubility, low polymerization shrinkage, good adhesive property, and a coeffi cient of thermal expansion similar to that of dentin 21) . In this study, the good sealing ability of cortisomol paste might be attributed to its low solubility and polymerization shrinkage properties. Conversely, ZOE exhibited poor sealing ability because of high solubility and polymerization shrinkage 22) . In our previous study 15) , it was shown that reduced setting time reduced the porosity and increased the compressive strength of Ca3SiO5/CaCl2 composite cement. Reduced porosity and increased strength are vital to improving sealing effi ciency. Moreover, silicatebased cements are able to induce the formation of apatite deposits 15) , which further enhance the sealing effi ciency of the materials. Therefore, the good sealing ability of Ca3SiO5/CaCl2 composite cement might be attributed to its apatite-forming ability and favorable physical properties.
Antibacterial activity
Currently, calcium hydroxide remains the widely used root canal irrigant to disinfect root canals and treat periapical infl ammation. The antibacterial activity of calcium hydroxide is attributed to its alkalinity.
In the present study, the four different compositions of Ca3SiO5/CaCl2 composite cements exhibited remarkable antibacterial activity, comparable to that of calcium hydroxide. When Ca3SiO5/CaCl2 composite cements reacted with water, calcium hydroxide was produced. This led to an increase in environmental pH level in the immediate vicinity of the cement materials, resulting in an antibacterial effect. Conversely, the antibacterial activity of cortisomol paste was signifi cantly lower than the Ca3SiO5/CaCl2 composite cements and calcium hydroxide because of its neutral pH. Therefore, results of this study showed that the high pH level of Ca3SiO5/CaCl2 composite cements was a key factor which conferred their high antibacterial activity.
The present study also demonstrated that the antibacterial activity of Ca3SiO5/CaCl2 composite cements depended on the particle size of the cement materials. Waltimo et al. showed that the antibacterial activity of 45S5 Bioglass nanoparticles far exceeded that of micrometric 45S5 particles 23) . Dissolution takes place at the surface, and small particles have a higher surface area than large particles 24, 25) . A quicker dissolution ensued for the smaller Ca3SiO5/CaCl2 composite cement particles, quickly resulting in a higher environmental pH level 26) . Nonetheless, despite the encouraging results obtained in this study, the mechanism underlying the antibacterial activity of Ca3SiO5/CaCl2 composite cement still needs to be further confi rmed in in vivo studies.
CONCLUSIONS
Within the limitations of the current study, the following conclusions were drawn:
1. Ca3SiO5/CaCl2 composite cement showed good sealing ability, comparable to that of cortisomol paste and better than ZOE. 2. Ca3SiO5/CaCl2 composite cement exhibited remarkable antibacterial activity against E. colias, comparable to that of calcium hydroxide and better than cortisomol paste. 3. Ca3SiO5/CaCl2 composite cement showed good potential as a root canal fi lling material, as it possessed the dual critical requisites of good sealing ability and antibacterial activity.
